The paucity of knowledge regarding gastrointestinal motility in patients with neuroendocrine tumors and carcinoid diarrhea restricts targeted treatment. 3D-Transit is a novel, minimally invasive, ambulatory method for description of gastrointestinal motility. The system has not yet been evaluated in any group of patients. We aimed to test the performance of 3D-Transit in patients with carcinoid diarrhea and to compare the patients' regional gastrointestinal transit times (GITT) and colonic motility patterns with those of healthy subjects.
Introduction
Diarrhea has a major impact on the health related quality of life in patients with the carcinoid syndrome caused by neuroendocrine tumors (NETs). 1 The diarrhea usually occurs when the primary tumor has metastasized to the liver or the retroperitoneal space, and tumor products are able to escape hepatic first-pass metabolism and reach the systemic circulation. 2 Several
NETs secrete amines and peptide hormones that can affect gastrointestinal (GI) motility. Among these, serotonin (5-HT) is considered the most important. 3 Intravenously administered 5-HT enhances phase III migrating myoelectric complexes of the stomach and small intestine and doubles the migrating velocity in healthy subjects. 4 In animal studies, 5-HT stimulates the amplitude of contractions in the gastric antrum, duodenum, and ileum and also enhances 5-HT 4 receptor-mediated colonic secretion. 5, 6 In rats, intravenously administered 5-HT shortens the interval between migrating myoelectric complexes in a dose-dependent fashion. 7 Intravenously administered citalopram (a selective 5-HT reuptake inhibitor) increases the frequency of high-amplitude propagated contractions in human colon. 8 The standard treatment of carcinoid diarrhea is somatostatin analogues (SA), [9] [10] [11] [12] [13] which reduce diarrhea in 33-90% of patients. 2, 14, 15 However, side effects to treatment with SA also include diarrhea as reported in up to 26% of patients. 16 Only very few studies exist on GI motility patterns and transit times in patients with carcinoid diarrhea. 15, 17 With scintigraphy, von der Ohe et al 17 found that patients with NET had faster than normal small intestinal and colonic transit times. In a previous study with a system based on the tracking of a permanent magnetic pill (MTS-1), we found that patients with NET had normal gastric emptying but faster than normal small intestinal transit. 15 There were, however, major limitations with all studies based on MTS-1, including our earlier study in patients with NET, because the subjects had to be immobile and restricted to a non-magnetic bed. This limited the study period to 6 hours and prohibited examination of colorectal transit patterns. 3D-Transit TM (Motilis Medica SA, Lausanne, Switzerland)
is a new, promising, minimally invasive method for assessment of regional transit times and motility patterns throughout the GI tract. As the system is based on electromagnets, it allows ambulatory study under near normal physiological circumstances. In a pilot study among healthy subjects, 3D-Transit was well-tolerated and provided valid information about GI transit times with only minimal data loss. 18 However, no data on the use of 3D-Transit has yet been published in any patient group. We hypothesized that 3D-Transit would be safe and well tolerated in this group of patients and that total GI transit times assessed with 3D-Transit are well correlated to those determined with standard radiopaque markers. We further hypothesized that patients with NET have faster than normal small intestinal, colorectal, and total GI transit times.
As such the aims of this study were dual (1) to evaluate the ambulatory use of 3D-Transit in a group of patients with severe diarrhea and (2) to describe regional GI transit times and colonic motility patterns in patients with diarrhea as part of the carcinoid syndrome.
M aterials and M ethods

Patients and Healthy Volunteers
Seven patients (6 males; median age 69 years [range, 63-79 years]) with pathology verified metastatic NET and a minimum of 3 bowel movements per day were compared with 15 healthy subjects (5 males; median age 55 years [range, 47-79 years]) with normal bowel function and no history of GI surgery or current use of medication affecting GI function. Patients were included from the ENETS Center of Excellence, Department of Hepatology and Gastroenterology, Aarhus University Hospital, Denmark. Demographic and clinical characteristics of patients are listed in Table 1 .Three were treatment-naïve and four had not received treatment with long acting SA for a minimum of 6 Figure 1 . 3D-Transit system. Electromagnetic signals from the ingestible capsule (inset) are registered by sensors in the detector plate. The detector plate and its battery are worn in an abdominal belt. A respiration belt is placed above the detector to remove respiration artefacts. Data are stored on a SD card in the detector. weeks. All other medications affecting GI motility were discontinued during the study. In one of the patients, the primary tumor had been resected with only 23 cm of the small intestine 50 cm proximal to the ileocecal valve. The rest had not undergone bowel resection. The patients with NET were generally older than the healthy subjects from our previous method study. 18 However, the oldest 4 subjects from our previous study were included in the present study along with another 11 healthy subjects of appropriate age. The study was conducted in accordance with the Declaration of Helsinki, approved by the local scientific ethics committee and the Danish Medical Agency (Eudract No. 2012-003939-27). All subjects provided written informed consent. 
3D-Transit
The 3D-Transit system is a novel, ambulatory and minimally invasive method. 18 It consists of an electronic telemetric capsule for ingestion, a detector with four sensors mounted on the lower part of the abdomen, and dedicated software for real-time and post-experimental visualization and analysis (Fig. 1) . The capsules (diameter 8 mm, length 21 mm, and density 1.6 g/cm³) contain an electromagnet and a battery allowing approximately 60 hours of recording at 10 Hz sampling rate or 120 hours of recording at 5 Hz sampling rate. When the capsule is ingested, the sensors register the electromagnetic fields of the capsule and convert them into position coordinates x, y, and z and orientation angles Φ and θ with respect to the detector. Movements and rotation of the capsule are depicted as graphs via the dedicated software (Fig. 2) . Thereby, changes in position and orientation of the capsule, reflecting gut contractile activity and progression dynamics, can be studied with respect to anatomical information. The movements can be monitored in real time via Bluetooth communication and all data are continuously stored on a memory card in the detector for later analysis. Artefacts due to respiration and posture change are recorded using a respiration belt and an accelerometer.
Radiopaque Markers
Total GI transit times were assessed with a standard radiopaque marker method and were compared with data obtained with 3D-Transit. Ten radiopaque markers were ingested on six consecutive days and an abdominal x-ray was taken on day seven. 19 
Assessment of Symptoms
Diarrhea and other carcinoid symptoms were verified with a one week diary just before investigations. Blood analysis for chromogranin A and serotonin as well as 24 hours urine 5-hydroxyindoleacetic acid (U5-HIAA) were collected during the investigation.
Protocol
The subjects arrived at the department in the morning after an overnight fast. A standardized meal was served followed by ingestion of the capsule. After intake of the capsule, subjects were allowed to leave the hospital but not to eat for the following 6 hours. All subjects were provided with standardized meals to be cooked and eaten at home for the following 3 days or until expulsion of the capsule (2200 kcal/day for women and 2800 kcal/day for men). They kept a diary for registration of exact times of defecation and intake of meals and they were provided with an extra battery and a battery charger.
Data Analysis
Total GI transit time was defined as the time between ingestion and expulsion of the capsule. Based on previously validated principles, regional transit times were determined from changes in contraction frequencies observed on the graphs and on the time frequency map ( Fig. 2 and 3 ) and 2D overview of capsule position. 20 Gastric emptying was defined as the time from ingestion until pyloric passage, which was identified as a switch from the 3 contractions per minute (cpm), typical of the stomach, to the 12 cpm, typical of the duodenum, combined with the highly characteristic 2D image of passage through the duodenal arch. Small intestinal transit time was defined as the time between pyloric passage and ileocecal passage. Ileocecal passage was identified as the change in contraction frequency of 6 cpm, characteristic of the distal ileum, to the 3 cpm, typical of the colon. Identification of ileocecal passage was supported by a swift movement in the lower right quadrant. Total colorectal transit time was defined as the time between ileocecal passage and expulsion of the capsule. Proximal colonic transit time was defined as the time between ileocecal passage and passage of the hepatic flexure, identified on the 2D plot. The middle/distal colonic transit time was defined as the time between passage of the hepatic flexure and expulsion of the capsule. With 3D-Transit it is possible to track the capsule through the entire GI tract. In the colorectum we defined pansegmental Figure 4 . Association between total gastrointestinal transit times (GITT) determined with 3D-Transit and radiopaque markers (ROM). There was a positive correlation between the 2 methods both in the combined group of neuroendocrine tumor (NET) patients and healthy subjects (Spearman's rho = 0.64, P = 0.002) (A) and in the group of NET patients alone (Spearman's rho = 0.89, P = 0.019) (B). Lines represent x = y. Only 6 out of 7 NET patients are depicted as one did not go through the examination with radiopaque markers. movements as movements covering one or more colorectal segments (the ascending, transverse, descending, and/or rectosigmoid part) in less than 2 minutes. We counted the pansegmental movements manually and registered the number of segments they covered in each subject.
Statistical Methods
All analyses were performed using STATA IC version 11 (StataCorp LP, Texas, USA). Data were non-parametric and presented as median and range. Correlation analyses were performed by Spearman's rho and illustrated by using a two-way scatter plot. Wilcoxon rank-sum test was used to compare transit times in healthy subjects and NET patients. Data were considered statistically significant at P < 0.05.
Results
All patients and healthy subjects went through the 3D-Transit examination without any discomfort or adverse events. The basic contraction pattern with 3 cpm in the stomach, 12 declining to 6 cpm in the small intestine, and around 3 cpm in the colon was seen in all patients with NET and in healthy subjects. The capsules were followed through the entire GI tract in all NET patients while two capsules ran out of battery in 2 out of 15 healthy subjects after 54.47 and 56.18 hours, respectively (sampling rate: 10 Hz). The capsules were in the cecum and transverse colon when the batteries expired. In both cases, the capsules were retrieved.
Thus, all regional transit times could be computed for the capsule with battery expiration in the transverse colon. In the case with battery expiration in the cecum, the proximal colonic transit time was defined as the time between entering cecum and end of battery life time. Total colorectal transit time was defined as the time between entering the cecum and retrieving the capsule, while the middle/distal colon transit time was not computed.
Correlation Between 3D-Transit and Radiopaque Markers
There was a good correlation between GI transit times measured with 3D-Transit and radiopaque markers in patients with NET (Spearman's rho 0.89, P = 0.019) (Fig. 4) . The same held true for the combined population of patients and healthy subjects (Spearman's rho 0.64, P = 0.002).
Total and Regional Transit Times in Patients With Neuroendocrine Tumors
There was no difference in gastric emptying but faster than normal small intestinal transit time (Table 2 and Fig. 5A ). The transit through the colorectum was faster in patients with NET than in healthy subjects (Table 2 and Fig. 5B ). Patients with NET had significantly faster transit through the proximal colon compared to healthy subjects (Fig. 5C ) and there was a trend towards faster than normal transit in the middle/distal colon of patients with NET vs healthy (P = 0.101) ( Table 2 ). Patients with NET had faster than normal total GI transit time ( Table 2 and 
Pansegmental Colonic Movements
An example of pansegmental colonic movements is shown in Figure 6 . Patients with NET had a median of 2 (range: 1-3) pansegmental colonic movements versus 2 (range: 0-3) in healthy subjects, (P = 0.794). Median number of segments covered by pansegmental colonic movements was 3 (range: 1-4) in patients with NET and 3 (range 0-4) in healthy subjects, (P = 0.912). The median number of segments covered by each pansegmental movement was 1 (range: 1-3) in patients with NET and 1.17 (range: 1-2) in healthy subjects, (P = 0.685). The median frequency of pansegmental colonic movements was 0.45 (range: 0.03-1.02) per hour in patients with NET and 0.07 (range: 0-0.61) per hour in healthy subjects (P = 0.045). The association between the recorded colorectal transit time and frequency of pansegmental colonic movements is depicted in Figure 7 .
Carcinoid Symptoms
All patients suffered from diarrhea and reported a median of 6 (range 3-8) bowel movements per day. During the investigation all bowel movements were self-reported in the patients' case report form. It was not possible to compute the exact numbers of bowel movements per day due to fast transit and therefore short investigation time in some patients, but all had more than three per day during the investigation. Three reported flushing and one had asthma like symptoms.
Discussion
The present study demonstrated that 3D-Transit can be used for assessing regional transit times in patients with diarrhea. Results from 3D-Transit and radiopaque markers were well-correlated and patients with carcinoid diarrhea had significantly faster than normal total and regional GI transit times.
The 3D-Transit system is a promising, novel and minimally invasive method for ambulatory assessment of regional transit times throughout the GI tract. 18 Furthermore, the system has potential for detailed description of contraction patterns. The recent publication about 3D-Transit concluded that the system is safe, easy-to-use and provides valid data with only minimal data loss in healthy volunteers. 18 The present study is the first publication applying the 3D-Transit system to patients with chronic diarrhea where transit times are expected to be faster than normal. Use of the 3D-Transit system was well tolerated, basic contraction patterns were easily identified, and regional GI transit times were determined. The method could distinguish between regional transit times in patients with the carcinoid syndrome and those in healthy. Total GI transit times obtained with 3D-Transit showed good correlation with those determined with standard radiopaque markers. Thus, the present study supports the use of 3D-Transit in future studies of patients with various forms of diarrhea. The only other method to allow minimally invasive ambulatory examination of the whole GI tract is the Wireless Motility Capsule (WMC). 21 The WMC is validated, very easy to use and has been used in several studies. There are, however, fundamental differences between 3D-Transit and WMC. The WMC is based on changes in pressure, temperature and intraluminal pH. 22 In essence, it allows assessment of whole gut transit time, gastric emptying, small intestinal transit time and total colorectal transit time. In contrast, 3D-Transit is based on the precise anatomical location of one or more electromagnetic capsules during their passage throughout the entire GI tract. 18 In addition to the information about transit times provided by the WMC, 3D-Transit may allow assessment of regional colonic transit times and, as shown in the present paper, the system holds promise for description of single pansegmental movements within the colon. The data analysis program for 3D-Transit is still in its infancy, but previous studies with MTS-1 allowed description of colonic mass movements, 23, 24 velocity through the different parts of the GI tract, 15, 20, [25] [26] [27] [28] [29] [30] retrograde movements, 23 and a gastric motility index. Our previous studies based on the tracking of a permanent pill were much hampered by the stationary nature of the system, which necessitated the person to sit still in a non-magnetic bed. Thus, previous study protocols were limited to approximately 6 hours. This is not a limitation with the 3D-Transit system. The electromagnet switching on and off with a frequency of 5 Hz or 10 Hz makes correction for the influence of other sources of magnetism and, thereby, allows totally ambulatory examinations under near normal circumstances for up to approximately 60 hours at 10 Hz or twice that at 5 Hz. By changing the phase of the electromagnets, three magnets can be followed simultaneously. If capsules are taken at different time points, simultaneous investigation of movement patterns within different regions of the GI tract is possible. 18 The carcinoid syndrome is characterized by flushing, diarrhea and, in some patients, asthma like symptoms. Patients with NET suffering from the carcinoid syndrome have an average life time approaching more than 5 years from diagnosis and diarrhea is the single symptom affecting their quality of life the most. 1 In the present study, we found that patients with the carcinoid syndrome had significantly faster than normal total GI, small intestinal, proximal colonic and total colorectal transit times. This is in accordance with our earlier findings of normal gastric emptying and faster than normal small intestinal transit times in patients with NET. 15 However, there is a significant difference between the present and our previous study on GI transit in patients with NET. With 3D-Transit the protocol was not limited to 6 hours. The capsule could be followed throughout the GI tract, there were no missing data due to toilet visit or other breaks and the subjects could live a near normal life in their home environment and at work. All subjects were served standardized meals throughout the study period to minimize confounders. The capsule was ingested after consumption of a standardized meal in order to standardize the motility pattern of the stomach after intake. After ingestion of the capsule all subjects fasted for 6 hours to allow the stomach to enter the fasting state and thus avoid prolonged gastric emptying. Previous studies have shown that the majority of healthy subjects empty capsules from the stomach with a phase III of the migrating myoelectric complex occurring within 6 hours after the last meal. 18, 31 One of the patients in the present study had previously had 26 cm of the small intestine resected. Diarrhea was present before surgery and we do not consider the minor resection a significant cause of symptoms. Other potential causes of diarrhea in patients with NET include small intestinal bacterial overgrowth, intestinal stenosis with or without mesenteric fibrosis, ischemia, pancreatic insufficiency, bile acid malabsorption, or intestinal failure. Although not systematically ruled out in the present study, none of the patients had known strictures, small intestinal bacterial overgrowth or bile acid diarrhea.
Gastrointestinal transit times in the present study are in accordance with data from von der Ohe et al. who used scintigraphy. 17 Scintigraphy does, however, require that patients are in hospital during the examination and it involves irradiation. Transport through the colorectum is mainly caused by mass movements covering large distances of the bowel. The definition of colonic mass movements varies and depends on the techniques used in individual studies. Usually, the velocity should be between 0.7-1.5 cm/sec 32 with a propagation of more than 5-35 cm. 33, 34 The data analysis program available for 3D-Transit only allows valid identification of larger movements. This is likely to be improved with ongoing software development, but in the present study we only registered "pansegmental" movements that carried the capsule through at least one segment. Such movements are mass movements, but be have not registered and included mass movements covering less than an entire colorectal segment and some might have passed by the capsule. Interestingly, the frequency of pansegmental movements was significantly higher in patients with NET than in healthy and this is probably the most important pathophysiological mechanism behind faster transit and thereby diarrhea in patients with the carcinoid syndrome. Mass movements mainly occur during the day in association with awakening or in the late postprandial period. 35 All capsules were ingested in the morning and meals were served at the same time during the investigations. Five out of seven (71%) patients with NET and 1 out of 15 (7%) healthy expulsed the capsules during the first day and provided no recordings during the night. This difference may have contributed to the difference in frequency of pansegmental movements.
The clinical presentation of patients with metastatic NET originating in the pancreas usually differs from those with NET originating in the small intestine. Investigating this difference was beyond the scope of the present study, but interestingly, the one patient with pancreatic NET had by far the longest total GI transit and the longest interval between the pansegmental movements of all patients. The patient had 5 bowel movements per day during the investigation and one may speculate whether his symptoms were due to other mechanisms than fast GI transit.
The capsule stayed in the cecum for a minimum of 46 hours in one of the healthy subjects and was expulsed 134 hours after passing the ileocecal valve. This subject had a total GI transit time of 21.6 hours measured by radiopaque markers technique and registered 2 bowel movements per day.
In conclusion, we found that 3D-Transit can be used for safe, ambulatory assessment of regional gastrointestinal transit times and some major colonic contraction patterns in patients with diarrhea. We further conclude that patients with NET and the carcinoid syndrome have faster than normal transit through both the small intestine and the colorectum. The latter is likely to be caused by a high frequency of colonic mass movements.
